The contact angles of protein Newton black foam films from ALG (alpha-lactalbumin), BLG (beta-lactoglobulin) and BSA (bovine serum albumin) are measured here within. The measurements are carried out under dynamic and equilibrium conditions. For all proteins, a strong hystheresis effect of the contact angle is observed under dynamic conditions. An attempt is made to explain these results by the slow adsorption and desorption kinetics of the protein bilayers and by the dynamic structure and the rheology of the protein network forming the bubble walls. In addition, we propose a modification of the experimental device reported previously for contact angle measurements of large flat films in equilibrium. The advantages of this method are discussed in detail. Some shortcomings (precision, reproducibility) of this preliminary variant of the device in this initial stage of its application, do not allow one to draw reliable conclusions about the interactions of these films. Some improvements of the measurement quality are proposed.
Introduction
So far, insoluble monolayers on aqueous substrates, vesicle suspensions and other structures in the aqueous phase, as well as bilayer lipid membranes (BLM), have been widely studied [1, 2] . During the last two decades, in a large series of papers, Exerowa et al. [2, 3] , as well as a few other authors have published interesting results concerning the structure, stability and behavior of lipid membranes under different conditions [3] [4] [5] [6] [7] [8] [9] . Recently, interest in the behavior of black foam films from protein solutions has grown substantially, a consequence of the complexity in structure and function of proteins and the key role they play in life. For the first time, we investigated large foam films stabilized with the surface-active compound C 12 E 6 (hexaethylene-glycol-monododecyl-ether) including the protein BSA (bovine serum albumin) using an X-ray technique [10] . In this work, an insertion process of a protein single layer within a Newton black film is observed. Moreover, we have been able to prepare large foam films of a soluble protein (beta-lactoglobulin) with large lateral dimensions close to the isoelectric point [11] .
The properties of the foam films are decisive for the stability of foams. On the other hand, a single foam film is a very useful model for the investigation of numerous interfacial properties, such as the interaction between fluid surfaces, the long and short range forces and the corresponding disjoining pressure, structures which arise in extremely thin films, etc. The phospholipid films and the protein films are interesting models for biological structures as well. Foam films have been intensively investigated since the last century. Many important results are summarized in several reviews, e.g., [2, 12, 13] . When observed in reflected light, the foam films appear black when their thickness is below 200-250Å. There are two equilibrium states of black films. The Common Black Films (CBF) can be described as a three-layer "sandwich model" -two adsorption layers of amphiphile molecules and a liquid layer between them. The Newton Black Films (NBF) are bilayers of amphiphile molecules including a small amount of hydrating water molecules. They can be considered as a two-dimensional crystal-like system. The CBF and NBF differ from each other in thickness, type of interactions, and some physical properties. The film thickness, disjoining pressure isotherms, double layer potential, phase transitions, short-range surface forces [3, 6, [14] [15] [16] [17] , interaction free energy, and influence of additional components [7] [8] [9] have been investigated by the microinterferometric method [2] . Another technique, the X-Ray reflectivity method, has been used for studying the structure and thickness of black foam films [18, [20] [21] [22] [23] . In all cited papers, equilibrium DMPC black foam films are considered. Some other methods are directed to the measurement of the contact angle between the film and its meniscus [24] [25] [26] [27] .
It is known that a thin liquid film is always connected with the solution through a liquid body with concave interfaces like a meniscus (plateau border). The contact between the film and the meniscus is represented schematically in Fig.1 . On the left hand side, a part of the plane-parallel film is shown and on the right hand side, a part of the meniscus. A transition film/bulk zone always exists between them [28] . At equilibrium, the disjoining pressure acts in the film and the surface tension of the film σ s differs from the surface tension σ of the bulk liquid phase (meniscus). The disjoining pressure and σ s are due to the surface force interactions in the thin liquid film. These interactions operate in the transition zone as well, decreasing with the rise in the zone thickness. This means that the difference (σ − σ s ) and the disjoining pressure gradually decrease with the rise in the thickness along the transition zone, becoming zero in the bulk liquid. In a real system, the meniscus gradually transforms into a flat film and σ gradually turns into σ s . The macroscopic thermodynamic description neglects the presence of a transition zone and assumes an abrupt change of σ into σ s . In order to make this simplified macroscopic thermodynamic description equivalent to the real system, the introduction of two other thermodynamic quantities (the film/bulk contact angle and the line tension of the contact line) is required. The surface tension of the meniscus sufficiently away from the film is σ and the shape of its concave surface is determined by the Laplace equation. If σ is also considered a constant in the transition zone and the surface of the meniscus is extrapolated according to the Laplace equation towards the film (the dotted curve in Fig. 1) , it intersects the mid-plane of the film (the horizontal dotted straight line). The line of the intersection is the contact line of the film and the angle between the two dotted lines is the contact angle θ [29, 30] .
The objective of this study is to find the best conditions for the formation of stable large foam films from different proteins without the presence of any other compounds. Its second aim is to determine the different behavior of these films under equilibrium and dynamic conditions. By measuring the contact angles under dynamic conditions, an attempt is made to demonstrate the presence of some hystheresis effects and to elucidate the roles of the rheology and the process of adsorption of the protein layers. For the first time, a preliminary modification of the method for measuring of contact angles of large foam films under dynamic conditions is proposed.
Experimental

Measurements under semi-equilibrium conditions
The experiments in the first part of this work are performed using the "diminishing bubble method" [31] . According to this method, the studied black foam film is formed on the top of the bubble. This is a spherical microscopic film, which appears between the solution surface and the bubble surface (Fig. 2) , i.e., the black foam film is between the bulk gas phase and the gas phase in the bubble. A vertical microscope M is used for the observation of the bubble via reflected light. The microscope is connected to a digital camera, monitor, and video-recorder. The temperature of the experimental cell is kept constant by a thermostat with an accuracy of ±0.5
• C. The surface of the solution is convex and the bubble has a radius in the range 200-230 μm and is centered in the optical area of the microscope. The space above the solution is saturated with water vapors. As the gas pressure in the bubble is higher than that in the bulk gas phase, the pressure difference is the driving force of the gas diffusion from the bubble to the bulk gas phase through the black film. As a result, the bubble with the film on its top diminishes spontaneously and slowly with time. In general, this means that each surface, of the film and of the bubble, is not in an entirely thermodynamic equilibrium through out the measurements. By means of this diminishing bubble method, the temperature T , the bubble radius R(t), and the film radius r(t) are measured. The contact angle θ(t) can be calculated from the bubble radius R(t) and the film radius r(t) using the expression [32] 2θ
where σ is the solution surface tension, ρ is the density of the aqueous solution, and g is the gravity acceleration constant. The approximation 2θ ≈ θ 1 + θ 2 can be used since the difference between the values θ 1 and θ 2 is negligible in the cases studied (small θ values).
Measurement under equilibrium conditions
Using a high quality X-ray technique, a series of studies on foam films was performed during the last fifteen years. The goal of these investigations was to penetrate more profoundly into the film with the help of X-ray radiation and to reveal the more detailed structure of the phospholipid films. Some interesting results were obtained [18, 20, 21] , unfortunately, this method requires working with very large films of the order of 2 cm 2 .
Because of the influence of the area of the films on their properties, this requirement has not allowed us to compare our results with those obtained with other techniques, such as for example, the microinterferometric method with microscopic films. The contact angles of the films measured with the topographic method or with the method of expansion are for flat microscopic films. The films studied by the means of the "diminishing bubble method" are also microscopic and, in addition, they are not flat. In this method, the size of the bubble and, consequently, of the film are limited by gravity. Moreover, the method allows the measurement of high angle values because of the incertitude of determination of the radius of a film with a small contact angle. A preliminary idea for measuring the contact angles of large flat films with arbitrary size is discussed below. In 1980, Evans [33, 34] proposed an experimental procedure for measuring the free energy of adhesion of a membrane on a surface (vesicle, solid sphere and so on). This approach has been successfully applied in the case of bilayers of phospholipids structured in large vesicles. Playing on the functionalism of the lipids incorporated in the membrane, this technique allows for the study and design of models for a great number of interactions present in biological systems [35, 36] .
The vesicles in these experiments are formed on the top of two micropipettes placed one against the other in the air. The pressure in the vesicles is controlled precisely. After the adhesion between the two vesicles has been realized and the surfaces have achieved their equilibrium, the contact angle of the membrane formed at the contact between the vesicles has been numerically deducted from the geometry of the system. Thus it is possible to calculate the energy of adhesion between the two vesicles following the expression [33, 34] :
Here, γ is the tension of the membrane. A modification of the above method is presented in this study. The offered device allows the measurement of the contact angle of a flat large foam film. The film is formed between two bubbles blown through two micropipettes placed one against the other in the investigated solution. (Fig. 3) . The pressure in each bubble is the same and constant during the entire experiment. This ensures the thermodynamic equilibrium of the film. A numerical deduction of the Laplace equation gives the profile of the bubbles near the contact line of the film formed between them. This profile depends on the capillary pressure exhibiting a tendency to keep a spherical shape of the bubbles and on the gravity tending to deform them. The principle of the calculation is presented below. Consideration is given only for the upper bubble (Fig. 3) .
The Laplace equation is:
where σ represents the tension of the bubble surface and Δp -the bubble capillary pressure. R 1 and R 2 correspond to the radii of the curvature of the film profile in the two orthogonal planes crossing themselves according to N -the normal vector to the surface in M.
If s is the curvilinear coordinate following the profile of the bubble on the plane of the draft, one may write (Fig. 3) :
The capillary pressure in point M is:
Here p int is the pressure in the bubble and p atm is the atmospheric pressure. d is the distance separating the film and the solution surface. The excess of the pressure in the plane of the film (where z = 0) is:
(Δp f corresponds of the disjoining pressure of the film in equilibrium). Thus:
Substituting R 1 , R 2 and Δp in (3) for their expressions (4) and (7) one obtains:
one gets:
After integrating (12) in the limits [r f , r], one obtains:
θ f being the contact angle of the film. By changing the variables we have:
And integrating by parts:
where V (z) is the part of the bubble volume between the film and the horizontal plane with coordinate z (Fig. 3) . Then equation (7) transforms into:
And: In this expression, r f is the radius of the film and r is an operating value describing the profile of the meniscus.
In 1953, Derjaguin and Titievskaya [37] proposed an analogous method to study the drainage of microscopic films. The films have been observed directly from above using a vertical microscope. In our device, we were interested in the film profile and for this reason it was observed from the side using a digital horizontal camera (Figs. 4, 5) . The two bubbles are blown off at the end of two vertical teflon tubes oriented one against the other (Fig. 4) . Their inner diameter is about 4 mm but can be enlarged if necessary. The two ends of the tubes are immersed in the solution studied. Two independent differential manometers are linked separately with the tubes using flexible hoses. Two micrometrical pumps allow for the pressure control in the tubes. The tubes can be adjusted in the vertical and horizontal direction using a micrometrical screw.
In order to prevent the drainage of the solution, in the beginning of the experiment there is no any distance between the edges of the tubes. The pressure in the tubes is equal to the atmospheric pressure. An overpressure is created in the tubes before the formation of the bubbles and, at the same time, the edges of the tubes are moving away. By controlling the pressure difference in the tubes and the distance between them, the size of the separate bubbles can be adjusted. A film forms at the contact of the bubbles. The different stages of film formation are shown in Fig. 5 . The identical pressure in each tube ensures the film flatness.
The profiles of the bubbles and of the film are observed from the side using a digital camera linked to a computer. One pixel on the screen of the monitor corresponds of 2 μm. The images are treated using the Image Tool software.
Materials
All measurements of the contact angles of the films described in this paper are performed with three different proteins as the main film substance with no electrolyte added. The proteins ALG (Alpha-lactalbumin), BLG (Beta-lactoglobulin), and BSA (Bovine serum albumin) are used in their isoelectric point. In this point, the net molecular charge is reduced, the electrostatic repulsion diminishes and the protein molecules can pack more tightly at the interface thus stabilizing the film. The concentration of all solutions is 0.5 mg/ml. Separate comparative measurements with sodium dodecyl-sulfate (SDS) in the presence of 0.32M NaCl were also carried out. All compounds are products of SIGMA and are used without further purification.
Results and discussion
Dynamic contact angle of protein black films
For testing the diminishing bubble method, a separate measurement of the contact angles of the films stabilized with 0.05% SDS and 0.32 M NaCl is performed. The time dependences of the contact angle for an SDS foam film and its surface area are shown in Fig. 6 . The same result for SDS films were obtained [38] .
It has already been mentioned that the diminishing bubble method is not a complete equilibrium method because of the slow but permanent diffusion of the gas from the bubble through the black film. The results presented in Fig.6 show that this peculiarity of the method does not reflect on the values of the contact angles of the films stabilized with a surfactant of the detergent type, SDS [38] . In this case, the state of these films during the time of measurement could be considered as a state of equilibrium. During the experiment, the film area diminishes with time about five fold, but the contact angle 2θ remains almost constant. This result can be explained with the high solubility of SDS and with the great facility of sorption and desorption of this surfactant from the film surfaces. As previously reported [22, 39, 40] , the results obtained by means of the same method for films of different solutions of phospholipids and mixtures of phospholipids differ from those for the SDS film; a hystheresis of the contact angle is observed for all these films. The results obtained in the present study for the time dependence of 2θ for the ALG, BLG, and BSA films are shown in Figs. 7 a, b , and c, respectively. The results can be summarized as follows:
A very strong influence of the area of the film on the contact angle values for each protein can be observed.
The simple comparison of the results shows that the 4-fold decrease in the film area (relative to the initial film area) in the cases of ALG, BLG and BSA, causes an increase of the values of the dynamic angles by a factor of 3, 4, and 2.5, respectively.
For the three proteins, the values of the dynamic contact angles 2θ vary between 3 and 13 degrees.
One can observe also a remarkable strengthening of this effect with time for ALGand BLG-films, while for the BSA-film there is even some retardation effect, despite the decrease in the film size and the respective increase of the capillary pressure. In an earlier study on protein films using an X-Ray technique, we found that there was no free-water core present in the center of the films. Hence, the films obtained were NBFs, taking into account that they contain hydration water only. These water molecules strongly interacted with the side-chains of the protein molecules and play a decisive part in the formation of the protein structure [41] via a well-ordered network of hydrogen bonds and via ionic interaction. We found [11] that the films of globular proteins (e.g., beta-lactoglobulin films) are composed of three layers of protein molecules. The mean area per molecule corresponding to a three-layer protein structure (∼21 nm 2 , calculated using our fit parameters) is in the same range as the area obtained at the collapse for beta-lactoglobulin layers at the air/water surface [42] . This is consistent with the high monolayer density that characterizes the structure of NBF, where protein/protein interactions are very strong. These results, together with the proven fact of the low gas permeability of protein films [11] and with the fact that proteins are able to form a viscoelastic interfacial network due to a strong protein/protein interaction, can explain the strong hystheresis effect of the contact angle of these films. The increase of the contact angle during the bubble diminishing process could be explained by a slower drainage due to the high solution viscosity and strong interactions between the protein molecules within the film. Indeed, slower drainage leads to thinner films with higher contact angles, and the strong interactions between the film surfaces make their separation during the bubble's diminishment more difficult, tending to increase the contact angles. The same hystheresis effects were observed earlier [22] for phospholipid black films of DMPC; they were best explained by the existence of a hydrogen bond network reinforcing the interaction between the film layers.
On the other hand, the compression of the surface causes a variation of the surface tension. This means that in the diminishing bubble experiments the surface tension σ 1 of the bulk solution surface and the surface tension σ 2 of the bubble surface should be different under dynamic conditions [22] . During the compression, the bubble area decreases and the monolayer should become denser. This process leads to a decrease in σ 2 with time, while σ 1 remains constant since the surface of the bulk solution is not disturbed. The tangential force balance (Fig. 2) is given by
The difference between σ 1 and σ 2 increases with time. On the other hand, the film tension γ should change also, since the film area varies as well. Therefore, the contact angle θ should also change.
It is noteworthy that the ALG-and BLG-molecules have a rather "rigid" structure due to the presence of intermolecular disulfide bonds. In general, such globular proteins show very different interfacial behavior compared to disordered and flexible proteins, such as beta-casein. On the film's surface, they preserve their globular structure almost intact. The hydrophobic patch model proposed for the adsorption of globular proteins assumes that the hydrophobic patch of the adsorbed molecules reaches the surface first, i.e., a specific molecular orientation is favored by adsorption [43] . One can expect such a process to occur not only in monolayers, but also in the foam films. The dense packing and forced orientation that settle in these films could explain the higher hystheresis effect of the films from ALG and BLG (Figs. 7 a and b) .
The solubility of BSA in water can explain the weaker hystheresis when the film of BSA is compressed. When the bubble diminishes and the capillary pressure increases sufficiently, BSA molecues pass by desorption from the bubble surface into the solution, keeping the tension of the bubble surface constant. This could explain the retardation effect on the contact angle for the BSA films.
Equilibrium contact angles of protein black films
The equilibrium contact angles of ALG-, BLG-and BSA-foam films are measured by the new technique proposed by us. For the sake of comparison, measurements of θ for SDS films are also performed. The SDS solutions contain 0.5 mg/ml SDS and 0.32 M NaCl. Under these conditions, the large SDS films are NBFs [44, 45] . The concentration of all protein solutions is 0.5 mg/ml. Four films are prepared from each protein solution. The equilibrium contact angles of the films are calculated from the computer images of the bubbles using Eq. (17) . The four results for the equilibrium contact angles of each ALG-, BLG-and BSA-foam film are shown in Table 1 
As observed from the above results for the protein films, except those for SDS, the values are scattered within 1 degree. The main sources of errors in these measurements could be proposed as follows:
It is well known that in the isoelectric point, the protein molecules form aggregates. Under these conditions, the solutions are slightly turbid and this affects the quality of the image of the meniscus with the film. As the SDS solutions are always very clear, this could be a reason the values of θ for SDS to be much more accurate.
Incertitude exists about the value of Δp f. According to Eq. (5), Δp f = p int − (p atm + ρgd). Here d is the distance between the film and the surface of the solution over the film. Unfortunately, the accuracy of the measurement of d (± 2 mm) is limited by the meniscus formed on the inner wall of the cell containing the solution. This produces an error of ± 2 Pa in the term ρgd. On the other hand, the accuracy of determination of the p int − p atm value is of the order of ± 2-3 Pa. Hence, the total error of the experiment becomes ±5 Pa. Comparison with the Δp f shows that a variation of the angle value by about 1 degree may occur.
At this stage of application of the method, the stability of the bubbles is insufficient. Random variations of the pressure during the experiment could change the state of the bubble surfaces. This affects the film structure because of the irreversibility of the protein adsorption. Using the expression p int − p atm − ρgh = 2σ / R , where R is the bubble radius, a variation of the surface tension of ± 2 mN/m can be calculated. This may be an additional source of error of the measured value of the contact angle.
The experiment duration with the diminishing bubble method is between 3 and 4 hours because of the slow air diffusion through the protein film (the diffusion through the walls of the bubble being negligible). Contrary to the observations in Ref. [47] , we have not observed any change in the structure of the layers of our microscopic films. Applying an X-ray technique in our earlier works [11, 40] , we did not establish any change in the structure of a beta-lactoglobulin macro-film with time. An important detail for our X-ray experiments was that they start one hour after the formation of the macro-film because of the small velocity of its drainage. So, if some change of the preliminary structure of the layers has occurred during the drainage of the film, we could not establish it in our experiments.
The analysis of the shortcomings of the proposed method for measuring the equilibrium values of the contact angle of large flat films in the second part of this study suggests what measures could be taken to improve the experimental set up. If the investigation of films stabilized with surfactants of a detergent type is satisfactory (Table 1) , the efforts must be directed to improve the accuracy of measuring the contact angles for protein films. Efforts should be also directed to improve the accuracy of the d and p int − p atm measurements.
Proposed here are some possibilities to improve the image quality: Immediately after the formation and stabilization of the bubbles with the film, the solution could be gradually diluted with water. Because of the irreversibility of the adsorption, this would not affect the surfaces of the bubbles. The solution would become less cloudy and the image more distinct.
The image on the screen of the monitor could be improved using a more sophisticated camera and also more convenient software.
-An electronic level gauge may be installed for the more accurate determination of the distance d between the film and the solution surface. In such a way, the value of Δp f determined according to Eq. (5) would be also more accurate.
As already mentioned, an additional source of errors of the measured values of the contact angles occurs because of the instability of the bubbles. The temperature during this study was kept constant in the whole laboratory. This does not eliminate the probability of local temperature variations (and so of the pressure in the bubbles). An additional measure could be taken for tempering the cell with the solution.
Conclusion
The increase of the contact angle with the decrease of the radius of the protein film shown in the first part of this study demonstrates the presence of a considerable hystheresis. Such hystheresis has previously been observed [25, 46] ; in these works, the dynamic contact angle of the microscopic black films of HSA (Human serum albumin) has been investigated. A sharply increasing contact angle with the fast increase of the pressure in the meniscus of the film has been observed. At this point, the film perimeter starts to diminish, allowing the angle to attain its equilibrium value.
In the case of the black films of proteins studied, we considered that the thermodynamic equilibrium is disturbed because of the rheology of the protein layers on the one hand, and from the energy of adhesion on the other. The latter is opposed to the separation of the film layers that causes an increase of the contact angle. This statement is in agreement with the literature [22, 27] for phospholipid films.
Under the condition that these shortcomings could be overcome, this new mehod could provide more complete information about the contact angles in equilibrium for large films, including protein films. Recall that in the "diminishing bubble method" the radius, the curvature, and the film surface decrease slowly and permanently with time. In the case of contact angle measurements using the new method, care should not be taken about the curvature of the film since it is flat. However, this method assumes that the films under investigation are absolutely in equilibrium, ie. during the entire time of measurement they did not change their radius.
Finally, it should be noted that the "diminishing bubble method" was created particularly for measurement of high contact angles (θ > 3
• [31] in order to determine more accurately the real radius of the film. In this case, our modification of the Evans's method (without any limitations concerning the magnitude of the angles) would be more convenient for measuring small contact angles. The opportunities offered by the new method are important in the cases of films revealing some hystheresis effects under dynamic conditions, as is the case of protein or phospholipid films, as well as in the cases of films characterized by small contact angles.
